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Weakly Interacting Massive Particles (WIMPs) are well-established dark matter candidates.
WIMP interactions with sensitive detectors are expected to display a characteristic annual modula-
tion in rate. We release a dataset spanning 3.4 years of operation from a low-background germanium
detector, designed to search for this signature. A previously reported modulation persists, concen-
trated in a region of the energy spectrum populated by an exponential excess of unknown origin. Its
phase and period agree with phenomenological expectations, but its amplitude is a factor ∼4-7 larger
than predicted for a standard WIMP galactic halo. We consider the possibility of a non-Maxwellian
local halo velocity distribution as a plausible explanation, able to help reconcile recently reported
WIMP search anomalies.
PACS numbers: 85.30.-z, 95.35.+d
INTRODUCTION
The denomination ”Weakly Interacting Massive Parti-
cle” (WIMP) encompasses a large family of hypothet-
ical heavy neutral particles having weak-scale interac-
tions. Presently favored extensions of the standard model
of particle interactions naturally generate WIMP candi-
dates with properties able to account for the bulk of the
missing mass of the universe, the so-called ”dark matter”,
a term coined by F. Zwicky in 1933 [1]. The most recent
precision-cosmologymeasurements [2, 3] set the universal
abundance of this type of invisible matter, unable to emit
or absorb light, at a factor of five to six times that for
visible (baryonic) matter. WIMPs thermally produced
during early epochs, with masses in the broad range GeV-
TeV, have annihilation cross-sections that naturally lead
to the present abundance of dark matter, an observa-
tion often referred to as ”the WIMP miracle” [4]. Over
the past few decades, abundant astronomical evidence
has accumulated pointing at the existence of vast dark
galactic haloes surrounding the luminous portion of most
galaxies. This evidence has been most recently backed-up
by numerical simulations of galaxy formation and evolu-
tion [5]. A large number of underground experiments
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are currently searching for indications of characteristic
WIMP interactions in a variety of target detector mate-
rials [6].
The CoGeNT detector presently operating at the
Soudan Underground Laboratory (SUL) [7] was designed
to investigate the hypothesis, put forward in 2004 [8, 9],
that low-mass (mχ< 10 GeV/c
2) WIMPs [10–13] might
be the source of the annual modulation effect observed
by the DAMA/LIBRA arrays of low-background NaI[Tl]
scintillators [14]. This effect had been previously pre-
dicted to arise from the motion of the Earth-Sun system
relative to a WIMP dark matter galactic halo engulf-
ing our galaxy [15]. This expected annual modulation
in interaction rate is arguably the most prominent signa-
ture presently available for the positive identification of
WIMPs.
CoGeNT employs p-type point contact (PPC) ger-
manium detectors [16] for this purpose. PPCs feature
very low electronic noise, allowing them to detect the
small (sub-keVee) energy depositions that would be pro-
duced by elastic scattering of low-mass WIMPs off nuclei
[17, 18]. An early CoGeNT prototype, operated in a
shallow underground site [19, 20], excluded the last re-
gion of low-mass WIMP parameter space (WIMP mass,
nuclear scattering cross-section) able to account for the
DAMA/LIBRA modulation, under the premise of a lo-
cal galactic halo described by an isotropic Maxwellian
velocity distribution, the simplest approximation to the
motion of these particles [21].
A search for an annual modulation induced by dark
matter particle interactions, a subtle few-percent varia-
tion in the low-energy interaction rate, is a challenging
2endeavor. It requires excellent long-term stability in the
entire detector system. We have recently discussed these
difficulties within the context of our experiment, con-
cluding that the necessary conditions seem present [7].
In this same publication, we described an improved ap-
proach at discriminating against backgrounds affecting
the surface layers of the detector. This rejection is based
on a measurement of the rise-time (t10−90) of preamplifier
pulses, an effect previously introduced in [22, 23]. Surface
events are observed to produce considerably larger val-
ues of t10−90 than energy depositions taking place within
the bulk of the germanium crystal (Fig. 1). The long
exposure accumulated by the PPC at SUL has allowed
us to characterize the rise-time distributions of these two
populations. These distributions can be described by log-
normal functions, a choice justified by simulations of the
effect of electronic noise on rise-time determination, and
electronic pulser calibrations [7]. We observe a mono-
tonic evolution of the fit parameters (amplitude, mean,
and variance of both distributions) with energy, following
trends predicted by the simulations (Fig. 1, [7]).
Operation of the PPC at SUL was interrupted by a
fire in the vertical shaft access to the laboratory. We
accumulated fifteen months of data previous to this in-
cident, reporting on the observation of a possible annual
modulation in that dataset [23]. Operation restarted on
7 June 2011 following a three month downtime. The
detector has taken data continuously since this breach,
with no significant change in performance (Fig. 2). The
presently examined cumulative dataset ends on 23 April
2013, spanning 1,237 days, of which 1,129 were live. The
purpose of this communication is to illustrate one pos-
sible form of analysis for the accumulated dataset, ac-
companying its public release [24] in time-stamp, energy,
and rise-time format, for each individual event passing
quality cuts.
DATA ANALYSIS
Fig. 3 displays the t10−90 distributions for events pass-
ing software cuts against microphonics and other spuri-
ous pulses [7], for two energy regions. The first, span-
ning the range 0.5-2.0 keVee, goes from analysis thresh-
old to the approximate endpoint of an exponential excess
of bulk events with presently unknown origin [7, 22, 23].
If this excess is identified with a possible WIMP signal,
the corresponding best-fit WIMP mass would be mχ ∼8
GeV/c2 [7, 22, 23]. The second energy region goes from
2.0 keVee up to 4.5 keVee. Above 4.5 keVee the energy
spectrum is encumbered by decaying peaks correspond-
ing to K-shell electron capture (EC) following cosmogenic
activation of germanium [22, 23]. Log-normal fits to fast
(bulk) and slow (surface) event populations are shown in
Fig. 3, as in [7].
For the purposes of the present analysis, we further
divide these two energy regions into “pure” bulk and
“pure” surface events, separated at the approximate
FIG. 1. Rise-time of preamplifier traces plotted against en-
ergy deposition, for each event passing quality cuts [7] in the
present dataset. Two distinct families of events are visible,
surface events (top band), and events from the bulk of the
crystal (lower band). Cosmogenic peaks populate the lower
band. A large accumulated exposure has allowed the charac-
terization of the demarcation of these two families as a func-
tion of energy [7].
FIG. 2. Daily average electronic noise and trigger thresh-
old stability [23] in the CoGeNT PPC detector at SUL. The
change in electronic noise following the thermal cycle im-
posed by the SUL fire is too small to measurably impact
energy threshold or resolution. Negligible fluctuations in trig-
ger threshold level are expected from the ∼ 1◦C temperature
stability of the data acquisition electronics [7].
value of t10−90 for which the probability of belonging to
either the fast or slow signal populations is the same (0.7
µs for 0.5-2.0 keVee, and 0.6 µs for 2.0-4.5 keVee, Fig.
3). In doing so, the fast signal acceptance (SA) for the
“pure” bulk 0.5-2.0 keVee events is 92.2%, whereas the
slow signal background rejection (BR) is 93.1%, leading
to a ∼13.6% contamination of this group by surface back-
grounds. For the “pure” surface 0.5-2.0 keVee group, the
SA and BR values are exchanged, leading to an expected
contamination by fast pulses of just 3.8%. In the 2.0-
4.5 keVee energy range these SA and BR are 98.6% and
95.75%, respectively, leading to a surface contamination
3FIG. 3. Rise time distributions (histograms) of the two energy
regions examined in the present analysis. Log-normal fits to
fast (bulk) events are indicated in red, slow (surface) events
in blue, and their sum is a dotted line.
of the “pure” bulk group by 4.4% of the events, and bulk
contamination of the “pure” surface group by 1.3%. The
expectation is that an annual modulation effect should
appear only in the low-energy (0.5-2.0 keVee) “pure” bulk
group, if the exponential spectral excess there were to be
associated with a low-mass WIMP signal.
Fig. 4 shows the temporal variation of event rates in
these four groups of signals. The decay associated to cos-
mogenic activation in germanium and cryostat materials
[25, 26] is evident in this long exposure. It is particularly
apparent for the 0.5-2.0 keVee bulk group, which contains
the majority of L-shell EC signals, readily observable as
peaks in the energy spectrum [22, 23]. Their contribution
is calculable through monitoring of the higher-intensity
K-shell EC peaks populating the 4.5-11.5 keVee energy
range [23], and use of well-characterized L/K EC ratios
[27–29]. Corrections are applied to this calculated L-
shell EC rate for the fraction of fast signals not passing
the t10−90 < 0.7 µs cut, and combined trigger plus mi-
crophonic cut efficiency (dashed line in Fig. 3 of [22]).
Robust fits to the decays of the K-shell peaks make the
uncertainty in this calculation small, as indicated in the
figure [30]. The 0.5-2.0 keVee surface group is expected
to contain a fraction of these L-shell EC signals, from
contamination with fast pulses with t10−90 > 0.7 µs, and
through the calculable (but somewhat uncertain) frac-
tion of L-shell EC episodes taking place in a ∼ 1 mm-
thick transition surface layer [7, 23]. In addition to these
calculable contributions, all four groups of events are sub-
ject to the decaying continuum from cosmogenic radioiso-
topes in materials next to the crystal, and internal cosmo-
genics not proceeding through EC (e.g., the dominant β+
branch in the decay of 68Ga, 3H, etc. [25, 26]). While all
four groups exhibit comparably long-lived decays, these
undefined additional processes do not necessarily affect
them equally, i.e., their rate evolution can be described
by allowing independent decay constants.
FIG. 4. Temporal evolution of the counting rate in the four
groups of signals considered. The calculated contributions
from L-shell EC are shown in the top two panels (see text).
Dotted lines indicate the ±1σ uncertainty in their sum [30].
Subdominant decays from 49V, 51Cr, 54Mn, 55Fe, 56−58Co and
71Ge are shown, but are too small to be individually labelled.
The contribution from 56Ni is negligible, and that from 73As
is removed by a low-energy cut on time-coincident events [7].
Fig. 5 displays these rates after accounting for the de-
caying background components. The top panel repre-
sents the low-energy bulk group following subtraction of
the calculated L-shell EC contribution. The rest of the
panels show the residual rates in each group after sub-
traction of an exponentially-decaying background com-
ponent with free half-life T1/2, fitted to the rates in Fig.
4 as part of a model also containing a modulated com-
ponent around a free constant rate, with fractional am-
plitude S, peak date tmax, and period T . The peak date
(days since January 1st for the maximum) defines the
phase of the modulation. Dotted lines show the best fits
for unconstrained values of the modulation parameters,
solid lines when T = 365 days is imposed. We observe
little change in the returned best fits for the 0.5-2.0 keVee
bulk modulation parameters, regardless of if the L-shell
EC contribution is calculated and removed, or if a free
T1/2 is allowed. In the first case a T = 336± 24 days is
found, in the second this is T = 350±20 days, both com-
patible with an annual modulation within uncertainties.
4Similarly, the peak date associated to T = 365 days for
this group of events is tmax = 102 ± 47 days. We note
this is compatible with the tmax = 136±7 days found for
DAMA/LIBRA in the 2-4 keVee region of its spectrum
where its modulation is maximal [14, 33]. Best-fitted T
and tmax for the other three groups of events appear at
random values. Fits to these other three groups with
T = 365 days imposed do not favor the presence of a
modulation (Fig. 5). We ascertain that significant power
centered around T = 365 days appears only for the low-
energy bulk group via a periodogram analysis (Fig. 6,
[34–36]), taking binning precautions similar to those de-
scribed in [38].
This straightforward treatment, which incorporates
an improved discrimination against surface backgrounds
compared to our previous analyses, confirms our earlier
indication of an annual modulation in CoGeNT data [23],
exclusively for the subset of events liable to contain a
low-mass WIMP dark matter signal. Its significance is
modest in the present unoptimized form of analysis: us-
ing the likelihood ratio method described in [23] the hy-
pothesis of an annual modulation being present in the
low-energy bulk group is preferred to the null hypothesis
(no modulation) at the ∼ 2.2 σ level [39, 40]. However,
this frequentist approach does not take into consideration
information from DAMA/LIBRA and other searches as a
prior, specifically the potential relevance of the modula-
tion amplitude favored by CoGeNT, a subject developed
next. In this respect, we call attention to incipient ap-
plications of Bayesian methodology in this area [42–44].
The remainder of this paper focuses on the possibility of
using our observations to obtain a common phenomeno-
logical interpretation of recent intriguing results in direct
searches for dark matter.
DISCUSSION
A best-fit value of S = 12.4(±5)% is observed for the
low-energy bulk group when the L-shell EC contribu-
tion is subtracted directly (top panel in Fig. 5). If a
free T1/2 is allowed (second panel in the figure), this be-
comes S = 21.7(±15)%. If the irreducible low-energy
excess in the CoGeNT spectrum is considered to be the
response to a mχ ∼8 GeV/c
2 WIMP, it would account
for 35% of the bulk events in the 0.5-2.0 keVee region,
the rest arising from a flat component originating mainly
in Compton scattering of gamma backgrounds (see dis-
cussion around Fig. 23 in [7]). This fraction is approxi-
mate, as it can change some with choice of background
model, and of rise-time cuts leading to slight variations
in the irreducible “pure” bulk spectrum. This putative
WIMP signal would then be oscillating with an annually-
modulated fractional amplitude in the range between
±35% and ±62%. This is larger by a factor ∼ 4− 7
than the ±9% expected for a WIMP of this mass in this
germanium energy region, when the zeroth-order approx-
imation of an isotropic Maxwellian halo is adopted [21].
FIG. 5. Best-fit modulations for the four groups of events,
after accounting for decaying background components (see
text). Dotted lines and data points are for unconstrained
modulations, solid lines for an imposed annual period. Verti-
cal arrows point at the position of the DAMA/LIBRA modu-
lation maxima [14]. A modulation compatible with a galactic
dark halo is found exclusively for bulk events, and only in
the spectral region where a WIMP-like exponential excess of
events is present.
A growing consensus is that a Maxwellian descrip-
tion of the motion of dark matter particles in the lo-
cal halo, the so-called standard halo model (SHM), is
incomplete, as it excludes several expected halo compo-
5FIG. 6. Lomb-Scargle power [34, 35] for oscillations around
the long-lived exponential background decays in the four
groups of events tested. Thirty-day time bins are used as
in Figs. 4 and 5. Power centered around T = 365 days is
found for the low-energy bulk group only [36]. We have not
attempted a similar analysis method claiming improved sen-
sitivity to annual modulations [41]. Green lines show this
power for oscillations of the two dominant K-shell EC signals
around their exponential decays.
nents, e.g., tidal streams [45–47], debris flows [48], ex-
tragalactic components [49, 50], a dark disk [51], and
other sources of anisotropies [52, 53]. These can have a
large effect on S and tmax, in particular for low WIMP
masses. For mχ ∼ 10 GeV/c
2, present detectors would
be sensitive only to the highest velocities in the local
halo velocity distribution [54]. This can lead to enhanced
fractional modulation amplitudes in a number of halo
models [47, 55, 56]. A useful quantity in this respect
is the Earth’s frame minimum WIMP velocity (vmin)
that can result in a nuclear recoil energy ER, defined
by (vmin/c)
2=mNER/2µ
2, where mN is the target’s nu-
clear mass, and µ = mNmχ/(mN +mχ) is the reduced
mass of the WIMP/nucleus system [47, 55, 56].
Figs. 7 and 8 illustrate a point often missed: the
DAMA/LIBRA region of interest (ROI) in WIMP pa-
rameter space (Fig. 8) is generated through the assump-
tion of a fractional modulation amplitude corresponding
to the SHM. Hence our original exclusion of this possi-
bility ([19, 20], CoGeNT limit in Fig. 8), later reinforced
by other experiments. Unlike the other searches generat-
ing anomalies and ROIs in Fig. 8, the DAMA/LIBRA
spectrum shows no characteristic spectral excess next
to threshold (Fig. 7), its single observable being the
(absolute, not fractional) modulation amplitude. It is
therefore possible to generate alternative DAMA/LIBRA
ROIs for non-Maxwellian halo models [52, 57].
Fig. 8 displays the effect on the DAMA/LIBRA ROI
when a factor 6.8 larger fractional modulation than that
predicted by the SHM is assumed, i.e., same as that
found in the CoGeNT dataset (free T1/2 case): a non-
Maxwellian local halo favoring large values of S is ca-
pable of reconciling the tension between DAMA/LIBRA
and other recently reported anomalies, providing a coher-
ent picture for these observations. A separate possibility
FIG. 7. DAMA/LIBRA energy spectrum. The peak around
3 keVee has a known origin in 40K contamination. Two ex-
ample average WIMP signals, together their yearly extrema
are shown. They differ in scattering cross section σSI and
fractional modulation amplitude S, but generate the same
observable, DAMA/LIBRA’s absolute modulation amplitude
(units of counts per keV kg day). This conceptual illustration
does not include the spectral distortions expected from spe-
cific deviations from the SHM [54], nor the effect of energy
resolution.
able to generate large fractional modulations is a WIMP
with slightly smaller values of mχ and larger values of
σSI relative to the ROIs in Fig. 8. This is a relevant re-
gion of parameter space [58, 59]. This particle would be
invisible (most of its recoils below detector thresholds)
during winter, producing signals six months later, when
the Earth-halo relative velocity is at a maximum. This
possibility is ignored by analyses neglecting the large dis-
persion in NaI[Tl] scintillation light yield caused by low-
energy sodium recoils [60].
Yet the situation is more complex than in the suc-
cinct description above. For instance, the most recent
measurements of the quenching factor for low-energy
sodium recoils in NaI[Tl] [60, 61], point at a value QNa∼
0.15, considerably smaller than the traditionally adopted
QNa = 0.3. The CoGeNT quenching factor is compara-
tively well-established [7]. In the representation of Fig.
8, this would displace the centroid of the DAMA/LIBRA
ROI from mχ∼10 GeV/c
2 to mχ∼18 GeV/c
2, i.e., away
from other anomalies and into the excluded region of pa-
rameter space [61]. It is nevertheless still possible to
recover agreement by adopting recent methods aiming at
removing astrophysical uncertainties from the interpre-
tation of dark matter detector data ([38, 55, 56, 70–74],
see specifically Fig. 6 in [33]). A small QNa, if confirmed,
would push DAMA/LIBRA’s vmin into the range >650
km/s, for which a large fractional modulation is expected
from essentially all halo models [47, 55, 56], imposing a
reduction in σSI for the DAMA/LIBRA ROI similar to
that shown in Fig. 8. Also susceptible to QNa is the po-
tential relevance of the small shift in tmax between Co-
GeNT and DAMA/LIBRA, given the dependence of tmax
on ER highlighted in [55] (a similar shift being already
6FIG. 8. Displacement towards lower spin-independent scat-
tering cross-section σSI of the DAMA/LIBRA region of inter-
est (ROI), if a fractional modulation amplitude correspond-
ing to that found for CoGeNT data is assumed. The addi-
tional uncertainty generated by the value of the sodium recoil
quenching factor QNa is discussed in the text. ROIs for re-
cent dark matter detector anomalies [7, 22, 23, 62–64] are
indicated by colored solid lines, their best-fits highlighted by
asterisks. These are 99% C.L. regions, except for CRESST
(95% C.L.). Limits from [7, 65–68] are indicated by dashed
lines. A search for an annual modulation in CDMS germa-
nium data [69] would be insensitive to up to a 100% modu-
lation amplitude in a possible CDMS-Ge signal [63]. Liquid
xenon (LUX, XENON-100) sensitivity to mχ<12 GeV/c
2 is
presently under test, using an 88Y/Be neutron source [61].
noticeable within DAMA/LIBRA data when examined
for different ER regions [14, 33, 75]). Gravitational fo-
cusing [75] can also affect the value of tmax for different
detectors. Finally, a lower σSI for DAMA/LIBRA, as
suggested by the discussion above, would ease concerns
about the ability of its spectrum to accommodate a dark
matter signal [76, 77].
CONCLUSIONS
To summarize, following an improvement in our abil-
ity to separate bulk and surface signals, we report a con-
tinued preference for an annual modulation appearing
in the bulk counting rate from a low-background PPC
germanium detector, in a region of the energy spectrum
exhibiting an exponential excess of unknown origin. Ex-
amined alone, its statistical significance is modest (2.2 σ
in the basic form of analysis presented here). However,
its phase is compatible with that predicted by halo simu-
lations [47, 55], and observed by DAMA/LIBRA. When
a WIMP origin is considered, the favored dark matter
particle mass corresponds to a region of present interest
in indirect searches [78–81] and numerous particle mod-
els [8, 58, 59, 82–92]. Most importantly, the large frac-
tional amplitude of the observed modulation would entail
a non-Maxwellian component for the local galactic halo.
This property can potentially bring all reported WIMP
detector anomalies into agreement.
We emphasize once more the difficult nature of the
search we have described. Presently unknown back-
grounds and/or instrumental effects could mimic an
annual modulation signature in dark matter detectors.
However, a coherent picture may be starting to emerge
from present anomalies in direct searches for dark
matter: in combination with other results, it should be
possible to use the present CoGeNT dataset to constrain
the local velocity structure of a hypothetical galactic
WIMP halo, an exercise in embryonic “WIMP astron-
omy”. Such predictions should be testable in the near
future, with the advent of precise kinematic information
for nearby stars from the GAIA satellite [48, 93], and
more information from other WIMP searches, including
the ongoing CoGeNT upgrade, the C-4 experiment [94].
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